The reaction of LnCl 3 ·7H 2 O [Ln = La (1), Ce (2)] with salicylic acid (HL) and 1,10-phenanthroline (Phen) at 20 o C in H 2 O/ethanol gave after work-up and recrystallization two novel lanthanide complexes with general formula [Ln(Phen) 2 (L) 3 (HL)]·H 2 O. Compounds 1 and 2 were characterized by IR and UV-Vis spectroscopy, TGA, CHN as well as by X-ray analysis. According to these results, compounds 1 and 2 are isostructural and contain Ln 3+ ions with coordination number nine. Complexes 1 and 2 consist of two Phen, one neutral HL and three L anions (two L anions act as monodentate ligands and the third one is chelating to Ln
Introduction

A massive interest in Ln
3+ complexes is registered in more recent times, which stems from their possible use in biomedical and telecommunication fields and for various photonic applications. [1] [2] [3] [4] [5] [6] [7] Many of the stable lanthanide complexes are synthesized from aromatic acid and nitrogencontaining ligands having certain conjugate system. They show interesting and various structures due to the different coordination modes of the carboxyl groups and have been widely applied as functional materials.
8-15 1,10-Phenanthroline (Phen) is a good nitrogen-containing ligand for lanthanide ions and can construct supramolecular structure via π-π aromatic interactions and the bulk of Phen can effectively prevent the formation of interpenetration. Because of the strong absorptions within a large wavelength range for its π-π * transition, Phen was considered as an important ''antenna'', from which the energy can be transferred to Ln 3+ ions for intense emissions. 16 Five rare earth complexes were identified as the general formula Ln(L) 3 ·2H 2 O (Ln = La, Ce, Pr, Nd, Sm, L = salicylic acid). 17 There were also a series of dinuclear complexes of L and Phen with different mol ratios of Eu 3+ to Y
3+
, which have been synthesized and characterized by UV, IR and fluorescence spectra.
18 Ln(L) 3 ·nH 2 O is the general formula of some other complexes of rare earth metals with L synthesized and characterized with elemental analysis and thermal decomposition mechanism. 19 [Dy 3 (HL) 5 -(L) 2 (Phen) 3 ] is the formula of an interesting trinuclear complex, which was synthesized under hydrothermal conditions and characterized by single-crystal crystallography.
20 Its crystal structure showed three different coordination types. 20 We were interested in studying some lantanides complexes with a mixed ligand system (Phen and HL) and see if just one type or both types of ligands coordinate to metal center. The coordination mode of HL to Ln 3+ center (monodentate or chelating bidentate fashion) was also important to be determined. All these information including the mole ratio of ligands to complete the coordination sphere of Ln 3+ would be found by X-Ray crystallographic methods. In our investigation, we have synthesized and characterized two new complexes with a general formula of [Ln(Phen) 2 (L) 3 Both of the HL (0.028 g, 0.2 mmol) and Phen (0.018 g, 0.1 mmol) were dissolved in 96% ethanol, and NaOH solution (c = 1 mol/L) was used to adjust the pH of the solution within 6-7. The resulting solution of the ligands was then added dropwise into the aqueous solution of LnCl 3 ·7H 2 O. The reaction mixture was stirred about 8 h at room temperature. After filtration, the remaining solution was kept at room temperature. Colorless blocks (1) and Colorless plates (2) were crystallized after few days from the solution. (2)] with HL and Phen in H 2 O/EtOH at room temperature after adjusting the pH of the solution within 6-7 give the corresponding complexes 1 and 2, which can be obtained by the reaction of the corresponding lanthanium salt, Phen and HL in the molar ratio 1:2:4. The synthesized compounds 1 and 2 are crystalline solids in form of colorless blocks and colorless plates respectively and are air-stable.
Infrared Spectra. In the IR spectra of complexes 1 and 2, the strong absorptions around 3450 cm −1 are assigned to stretching vibration of OH, implying the presence of water molecules. The ν(C=O)(1680 cm ) of the acidic group in the HL takes place red shift in the infrared spectra of the complexes 1 and 2 to 1634 cm ) in the spectrum of Phen exhibits a red shift in the IR spectra of the complexes 1 and 2 (1453 and 1464 cm −1 respectively) suggesting the coordination of the two nitrogen atoms of the Phen to Ln 3+ ions.
24
Similarly such an absorption band (ν(C=N)) could be seen at 1623 cm −1 for azomethine, undergoes a red shift (13-17 cm
) on account of zwitterion formation.
25 IR spectra support the results of the single crystal X-ray analysis.
Ultraviolet Spectra. The ultraviolet spectra of the Phen, HL and complexes 1 and 2 were recorded in DMSO as solvent. The data are listed in Table 1 . The maximum absorbance wave number (λ max ) of the HL is 237 nm. The absorption peaks of the complexes 1 and 2 are 265 nm and 266 nm respectively, this fact shows that the HL ligands are coordinated to the lanthanide ions (La 3+ , Ce
3+
) forming a π-conjugated system. 26 Moreover, the maximum absorption peak of Phen at 265 nm is similar to that of in the complexes 1 and 2. It means that the formation of the coordination bonds between nitrogen atoms and lanthanide centers should have no much influence on the UV absorption of the Phen, which is reflected by the literature. 27 However, the enhanced absorbance of the complexes may be due to the increase of the chromophore, which suggested forming the new complexes.
Thermal Decomposition Processes. TGA curves of complexes 1 and 2 were recorded at a heating rate of 10°C ·min −1 under a dynamic argon atmosphere. The profiles of thermal decomposition processes of the two complexes are . Based on the TGA analysis, the thermal decomposition of the complex 1 can be expressed as the following process:
Decomposition of the complex 2 can also be described similar to complex 1.
Ln-N bonds of the complexes were broken firstly in the TGA experiments, which may be explained by the weaker bond energy of Ln-N comparing with Ln-O because of the anionic nature of salicylate ligands. In this way, weaker coordination ability of the nitrogen atom with lanthanide center than that of the oxygen atom may be because of charge difference between ligands.
Crystal Structures. The complexes 1 and 2 were crystallized in form of colorless blocks and colorless plates respectively. Table 3 shows the crystallographic data. Selected bond lengths and angles are given in Table 4 . Compounds 1 and 2 crystallize both in the monoclinic space group P2 1 /c and are isostructural. In both compounds, two crystallographic independent complex molecules are present. One of the two central Ln 3+ ions is disordered in two positions (occupation parameters 0.5/0.5) together with a part of the L positions. Figure 1 and Figure 2 show the none-disordered molecules of 1 and 2. Comparable distances were observed in La and Ce complexes with two Phen ligands and coordination number 9.
28-37
In a trinuclear example of Dy(III), three different types of coordination types were found. 20 The monodentate (A) and the chelating type (B) were realized in 1 and 2 (Fig. 3) . Both of Complexes exhibit two crystallographic independent complex molecules. One of the metal atoms is disordered in two positions (occupancies 0.5:0.5). In addition two ligands L are disordered, too. Those two ligands follow the positions of the two metal atom positions. One of the L ligands binds according type A and the other one according type B or vice versa causing the disorder problem. The refined models of Complexes 1 and 2 were better reflected in Complex 2. Therefore, the R values differ in the two structures (Table 2) .
Strong intramolecular hydrogen bonds are present in the L ligands and the HL molecules (see Tab. 3). The intermolecular hydrogen bonds force the complex molecules in columns along [010] (Fig. 4) .
π-π Interactions can be found in both of the complexes. In addition 348, 340 and 365 pm are the mean contact values for the sequences of LLPhenLPhenLL in Compounds 1 and 2.
In summary, Two novel lanthanide complexes with general (2)), have been synthesized successfully. Complexes 1 and 2 show a similar thermal decomposition behavior demonstrating that they are isotypical, which fact was proved at the next step through the determined crystal structures. The thermal decomposition processes of the two complexes present multistep processes related to the release of the ligand molecules, followed by oxidation. This processes led to primary loss of the Phen molecules. Then HL molecules and finally L moieties left the material to give Ln 2 O 3 . The final residue for crystal 1 was found to be La 2 O 3 .
As is well known, lanthanide ions possess high coordination numbers (more than 6). Especially, the ionic radii of light lanthanide ions (La-Gd) are larger than ionic radii of the heavy lanthanide ions (Tb-Lu) because of the lanthanide contraction phenomenon, so the coordination numbers of light lanthanide ions are usually bigger than those of heavy lanthanide ions. Lanthanide aromatic carboxylate complexes have typically coordination number 8 and 9. According to crystal structure studies of complexes 1 and 2, four acid ligands are coordinated to Ln
3+
. Three acid molecules are deprotonated (L) but the last one is not deprotonated (HL). One L ligand is chelating the metal, while the other two L anions are monodentate. The HL molecules are involved in the coordination spheres as monodentate ligands. All these facts in addition to the coordination of two Phen ligands lead to coordination number 9.
Conclusion
Complexes [Ln(Phen) 2 (L) 3 (HL)]·H 2 O (Ln = La (1), Ce (2)) can be obtained by the reaction of HL and Phen (after pH adjustment using 0.1 mol/L NaOH solution) with LnCl 3 ·7H 2 O and crystallized as colorless blocks and plates. According to the Crystal structures of complexes 1-2, the composition of products is Ln (1) : HL (4) : Phen (2). HL and L are neutral and anionic ligands respectively. A neutral HL and two L anions act as monodentate ligands. However the third anionic L ligand in each structure is chelating to Ln
3+
. The intermolecular hydrogen bonds force the complex molecules in columns along [010] . π-π-Interactions can be found in both complexes. In addition 348, 340 and 365 pm are the mean contact values for sequences of LLPhenL PhenLL in 1-2.
